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ABSTRACT
The performance of the two types of vapor-injection (VI) cycles in a heat pump system is compared. The vaporinjection cycle using an internal heat exchanger (IHX) has a choice to select the branching point of the injection
stream. The two VI cycles are different in terms of branching points of the injection stream. Different branching
points of the injection stream influence the heating capacity and the COP of the heat pump system. Especially, at a
given geometry of the IHX, the PEVI (post-expansion vapor-injection) cycle can increase the inject-able mass of the
injection stream as well as heating performance.

1. INTRODUCTION
A vapor-injection (VI) technique has been widely used in the sector of supermarket, frozen food refrigeration and
cold storage. It has been known that this VI technique can improve the performance of heat pump cycle, when the
evaporating temperature is severely lowered. Hence, in recent years, heat pumps especially for cold regions have
been actively equipped with the VI technique to enhance the performance of heat pump system.
It has been evaluated that an internal heat exchanger vapor-injection (IHXVI) cycle which uses an internal heat
exchanger (IHX) to vaporize an injection stream has more adaptability for various operating conditions than the
flash-tank vapor-injection (FTVI) cycle (Roh and Kim, 2011, Heo et al., 2010). Although the FTVI cycle has strong
advantages in terms of its simplicity of installment and cost-saving benefits, the IHXVI cycle has been more widely
commercialized in recent heat pumps for buildings. This seems that the IHXVI cycle is more suitable than the FTVI
cycle for building air-conditioning, because heat pumps for buildings should be operated in various operating
conditions.
In this study, we would like to discuss branching points of the injection stream by comparing the performance of
two VI cycles: classic VI (CVI) cycle and post-expansion VI (PEVI) cycle. These two cycles use an IHX to vaporize
the injection stream; however, branching points of the injection stream are different. The CVI cycle’s injection
stream starts before the main stream flows into the IHX. However, the PEVI cycle’s injection stream starts after the
main stream flows out from the IHX.
In the CVI cycle using an IHX, there has been a problem that the two-phase flow of the refrigerant can be flows into
the injection stream. At this situation, the injection stream is difficult to show consistency in terms of its mass flow
rate control. Two-phase flow in the injection stream generates fluctuation of mass flow rate of the injection stream,
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so the performance of system also fluctuates. To avoid this two-phase flow in the injection stream, an accumulator is
often installed at the inlet of injection stream (Heo et al., 2011). However, this additional accumulator needs an extra
cost and installation space.
For the PEVI cycle, the injection stream is divided from the outlet of the IHX; therefore, there is little risk of
entering two-phase-state flow into the injection stream. In the PEVI cycle, we can also anticipate better performance
of VI technique than that of the CVI cycle. More chilled refrigerant flow at the outlet of the IHX can induce lower
temperature after the expansion process in the PEVI cycle, compared to that of the CVI cycle.
Figure 1 shows schematics of two different types of VI cycle. Branching points of the injection stream for the CVI
cycle (Figure 1(a)) and the PEVI cycle (Figure 1(b)) is noticeable. The injection stream of the CVI cycle is divided
from the point 5 (Figure 1(a)); however, the injection stream of the PEVI cycle is divided from the point 6 (Figure
1(b)). The injection stream of the PEVI cycle can obtain more cooled refrigerant at the outlet of the IHX, so the
temperature of the point 7 in the PEVI cycle can be lowered than that of the CVI cycle. The lower temperature for
the injection stream means larger temperature difference between the main stream and the injection stream. Hence,
at a given geometry of an IHX, the heat transfer performance of the IHX can be increased in the PEVI cycle.
Theoretically, this means that the temperature at the inlet of the evaporator in the PEVI cycle can be lowered than
that of the CVI cycle. In this study, we discuss some theoretical calculation about the performance of the two VI
cycles, and compare their actual performance variation.
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Figure 1: Schematics of the two vapor-injection cycles. (a) classic vapor-injection (CVI) cycle, (b) post-expansion
vapor-injection (PEVI) cycle

2. EQAUTIONAL DISCUSSION ON THE PEVI CYCLE
In Figure 2, the PEVI cycle’s advantages can be discussed by using some equations and two pressure-enthalpy (P-h)
diagrams. Figure 2(a) shows the P-h diagram for the CVI cycle, and Figure 2(b) shows the P-h diagram for the
PEVI cycle. In the CVI cycle, the heat transfer at the IHX can be described as Equation (1).

Qinj,CVI= m inj (h10 − h7 )= Qmain,CVI= m main (h5 − h6 )= (m total − m inj )(h5 − h6 )
Equation (1) can be re-organized like Equation (2).

(h10 − h7 )
=
(h5 − h6 )

 m total − m inj  1
− 1 ≡ ε IHX,CVI

=

m
R
inj
inj



(2)
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Figure 2: Pressure-enthalpy diagrams for the two vapor-injection cycles. (a) classic vapor-injection (CVI) cycle, (b)
post-expansion vapor-injection (PEVI) cycle
In Equation (2), Rinj is the injection ratio, defined as minj/mtotal. The ratio of the enthalpy difference in Equation (2) is
defined as the heat transfer effectiveness of the IHX (εIHX,CVI). In the same manner, the PEVI cycle’s heat transfer
effectiveness of the IHX (εIHX,PEVI) can be derived as Equations (3) and (4) .

Qinj,PEVI= m inj (h10 − h7 =
) Qmain,PEVI= m total (h5 − h6 =
) (m main + m inj )(h5 − h6 )

(h10 − h7 )
=
(h5 − h6 )

 m total  1
=
≡ ε IHX,PEVI


 m inj  Rinj

(3)
(4)

When we compare the εIHX between the two cycles, the εIHX,PEVI can be always higher than the εIHX,CVI, assuming that
the two cycles is operated at the same Rinj. For example, if the Rinj is 10%, the εIHX,PEVI is 10; however, the εIHX,CVI is
9. This means that the more heat can be transferred between the main stream and the injection stream in the PEVI
cycle than that of the CVI cycle, so the temperature at point 6 of Figure 2(b) can be lowered more than that of Figure
2(a). Therefore, the evaporating capacity can be increased in the PEVI cycle more than that of the CVI cycle.
Especially, it can be anticipated that the PEVI cycle’s injection stream at the outlet of the IHX (point 10) can have
higher temperature than the CVI cycle’s injection stream. Higher temperature of the injection stream at the outlet of
the IHX means that the more mass of the injection stream can be vaporized at a given geometry of the IHX. One of
advantages of the VI cycle is that the system capacity can be varied by controlling the mass of the injection stream
(Xu et al., 2011). Therefore, it is positive that the more mass of the injection stream can be vaporized at a given
geometry of the IHX in the PEVI cycle.

3. EXPERIMENTAL SETUP AND PROCEDURE
3.1 Experimental Setup
A schematic of the experimental setup for a R404A heat pump system is shown in Fig. 3. A scroll compressor,
which has a dedicated injection port, was installed. Brazed plate heat exchangers (BPHEs) were used for the
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condenser, the evaporator and the IHX. The temperatures of refrigerant and water were measured by T-type
thermocouples. The refrigerant pressures at the inlet and outlet of major components in the system were measured
by absolute pressure transducers. Geometry of the BPHEs are not provided for a confidential issue.
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Figure 3: A schematic of experimental setup

3.2 Test Procedures
The compressor frequency was fixed at 50 Hz. The refrigerant R404A, 2.7 kg, was charged by using an electronic
scale. In preliminary tests, we optimized the mass of charge of when the system showed the best heating
performances at given DSH, DSC and water temperature conditions without any injection technique.
The mass flow rate of the injected refrigerant was varied from zero to the maximum achievable value resulting in
feeding saturated vapor of refrigerant to the compressor. The water-side heating and cooling capacities were
measured and calculated by the Equations (5) and (6), respectively. The water-side heating and cooling coefficient
of performance (COP) were calculated by Equations (7) and (8), respectively. Power consumption was measured
only for the compressor.

=
Q heat,water m water,cond × Cwater,cond × (Twater,cond,out − Twater,cond,in )

(5)

=
Q cool,water m water,eva × Cwater,eva × (Twater,eva,in − Twater,eva,out )

(6)

COPheat =

Q heat,water
W

(7)

COPcool =

Q cool,water
W

(8)

Test conditions are shown in Table 1. The water temperature at the condenser inlet was fixed as 10oC, and the water
temperature at the condenser outlet was fixed as 50oC when Rinj is 0%. The mass flow rate of the water at this
condenser side was fixed to acquire 50oC of water at the outlet of the condenser when Rinj is 0%. As Rinj increases,
the water temperature at the outlet of the condenser varies. This test condition was scheduled to test the system as a
heat pump water heater system. The water temperature for the evaporator side was fixed as 0oC for all cases.
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Table 1: Test conditions
Parameters

Value

Water temperature
conditions (oC)
Compressor frequency (Hz)
Mass flow rate of water (kg/s)

Condenser side inlet: 10oC
Condenser side outlet: 50oC (at Rinj=0%)
Evaporator side: 0oC
50 (fixed)
Condenser side: controlled to acquire 50oC of water
at the outlet of the condenser (at Rinj=0% and fixed)
Evaporator side: 0.1986 kg/s (fixed for all cases)

4. EXPERIMENTAL RESULTS
4.1 Variation of Temperature at the outlet of the IHX
Figure 4 shows the temperature of the injection stream at the outlet of the IHX, according to the two vapor-injection
types (CVI and PEVI). Until the mass flow rate of the injection stream reaches 5 g/s, the temperature of the injection
stream was very similar. However, when the mass flow rate of the injection stream reaches 6 g/s, the limit of heat
transfer performance of the IHX is shown. The limit originates from the decreased temperature difference between
the main stream and the injection stream at the IHX. As a result, the temperature of the injection stream at the outlet
of the IHX decreases from 6 g/s of the injected mass flow rate. The temperature at the outlet of the IHX for the
PEVI cycle shows smaller decreasing tendency than that of the CVI cycle. This indicates that the inject-able mass of
the injection stream in the PEVI cycle can be bigger than that of the CVI cycle.
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Figure 4: Variation of injection temperature at the outlet of the IHX

4.2 Variation of Heating and Cooling Capacities
Figure 5 shows the heating capacity variation for the two VI types (CVI and PEVI). Slopes of the variation for the
two types of VI techniques are different. The slope of the PEVI cycle is slightly higher than that of the CVI cycle.
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Figure 6 shows the cooling capacity variation for the two VI types (CVI and PEVI). Larger cooling capacity
(evaporating capacity) of the PEVI cycle is observed than that of the CVI cycle. This higher cooling capacity is one
of the reasons of higher heating capacity in the PEVI cycle. Another possible reason of the better heating capacity in
the PEVI cycle than that of the CVI cycle is higher temperature of the injected stream of the PEVI cycle than that of
the CVI cycle, as shown in Figure 4; the higher temperature of the injected stream can increase discharge
temperature.
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Figure 5: Variation of heating capacities (kW) for two types of vapor injection types (CVI and PEVI)
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Figure 5: Variation of cooling capacities (kW) for two types of vapor injection types (CVI and PEVI)
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4.3 Variation of Heating COP
Figure 6 shows the variation of heating COP for the two VI techniques. Until the mass flow rate of the injection
stream reaches 4 g/s, the heating COP was quite similar for the two VI techniques. However, as the mass flow rate
increases, the heating COP of the CVI cycle harshly decreases. One of reasons of the decreasing COP in the general
VI cycle is the increased mass flow rate of the refrigerant by the VI technique. The increased mass flow rate by the
VI technique increases the power consumption in compressor (Roh and Kim, 2012). The increase of the power
consumption can be larger than the increased heating capacity by the VI technique; in this case, the heating COP
decreases. Meanwhile, the power consumption trend of the PEVI cycle and the CVI cycle was quite similar, because
the power consumption of the compressor was mainly governed by the mass flow rate variation. Therefore, it is
supposed that the increased evaporating capacity by the PEVI technique is the main reason of higher heating
capacity and the COP of the PEVI cycle.
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Figure 6: Variation of heating COP for two types of vapor injection techniques (CVI and PEVI)

5. CONCLUSION
•
•
•

Different branching points of the injection stream in the vapor-injection cycle influence the performance of
a heat pump system.
PEVI (post-expansion vapor-injection) cycle shows better heating performance than the CVI (classic
vapor-injection) cycle.
Especially, in a given and limited dimension of the IHX, the PEVI cycle is useful to have wider range of
the inject-able mass flow rate than the CVI cycle.

NOMENCLATURE
BPHE
C
CVI
DSC
DSH
ε
EXV

brazed plate heat exchanger
specific heat
classic vapor-injection
degree of sub-cool
degree of super-heat
heat transfer effectiveness
expansion valve

(-)
(kJ/kg)
(-)
(-)
(-)
(-)
(-)

Subscripts
cond
condenser
cool
cooling side
eva
evaporator
heat
heating side
in
inlet
inj
injection stream

International Refrigeration and Air Conditioning Conference at Purdue, July 16-19, 2012

2306, Page 8
FTVI
h
IHX
IHXVI
m
P
PEVI
Q
R
VI

flash tank vapor-injection
(-)
enthalpy
(kJ/kg)
internal heat exchanger
(-)
internal heat exchanger vapor-injection
mass flow rate
(g/s)
pressure
(kPa)
post-expansion vapor-injection
heat transfer
(kW)
injection ratio
(%)
vapor-injection
(-)

main
out

main stream
outlet
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